Observation of a Fifth of the Electron Charge by Reznikov, M. et al.
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7KH IUDFWLRQDO TXDQWXP+DOO )4+ HIIHFW LV D SKHQRPHQRQ REVHUYHG LQ WKH FRQGXFWLRQ
SURSHUWLHVRIDWZRGLPHQVLRQDOHOHFWURQJDVVXEMHFWHGWRDVWURQJSHUSHQGLFXODUPDJQHWLF
ILHOG7KHHIIHFWUHVXOWVIURPWKHVWURQJLQWHUDFWLRQDPRQJHOHFWURQVEURXJKWDERXWE\WKH
KLJK PDJQHWLF ILHOG JLYLQJ ULVH WR IUDFWLRQDOO\ FKDUJHG TXDVLSDUWLFOHV WKDW FDUU\ WKH
FXUUHQW+HUHZHUHSRUWWKHREVHUYDWLRQRITXDVLSDUWLFOHVZLWKDFKDUJHT HGHWHFWHG
E\ VKRWQRLVHPHDVXUHPHQWV LQ WKH FRQGXFWLQJFKDQQHO ILOOLQJ IDFWRU  7KLV LV LQ
DJUHHPHQW ZLWK SUHYLRXV PHDVXUHPHQWV WKDW VKRZHG WKDW WKH FXUUHQW LQ WKH ORZHU 
FKDQQHO LVFDUULHGE\TXDVLSDUWLFOHVZLWKDFKDUJHT H 7KHVH UHVXOWVGHPRQVWUDWH WKDW
WKH DFWXDO IUDFWLRQ RI WKH FKDUJH FDQ EH GLIIHUHQW IURP WKH ILOOLQJ IDFWRU 0RUHRYHU ZH
VKRZWKDWWKHUHLVQRVWURQJLQWHUDFWLRQEHWZHHQWKHFKDQQHOVZKLFKFDQEHFRQVLGHUHGDV
FRQGXFWLQJWKHFXUUHQWLQGHSHQGHQWO\
7KHIUDFWLRQDOTXDQWXP+DOO)4+HIIHFWLVDPDQLIHVWDWLRQRIWKHSURPLQHQWDQGXQLTXHHIIHFWV
UHVXOWLQJIURPWKH&RXORPE LQWHUDFWLRQVDPRQJWKHHOHFWURQV LQDWZRGLPHQVLRQDOHOHFWURQJDV
'(*XQGHUWKH LQIOXHQFHRIDVWURQJPDJQHWLF ILHOG /DXJKOLQ¶VVHPLQDOH[SODQDWLRQRI WKH
)4+HIIHFW LQYROYHGWKHHPHUJHQFHRIQHZIUDFWLRQDOO\ FKDUJHGTXDVLSDUWLFOHV 5HFHQWO\
VKRWQRLVHPHDVXUHPHQWVFRQILUPHGWKHH[LVWHQFHRIWKHVHTXDVLSDUWLFOHV LQWKH)4+UHJLPH
6KRWQRLVHUHVXOWLQJIURPWKHJUDQXODUQDWXUHRIWKHSDUWLFOHVLVSURSRUWLRQDOWRWKHFKDUJHRIWKH
FXUUHQWFDUULHUV LQ WKLV FDVH TXDVLSDUWLFOHV  ,Q WKRVH H[SHULPHQWV D TXDQWXP SRLQW FRQWDFW
43& HPEHGGHG LQ D '(*ZDV XVHG DV DQ HOHFWURQLF µEHDP VSOLWWHU¶  ,WV SXUSRVHZDV WR
SDUWO\UHIOHFWWKHLQFRPLQJFXUUHQWDQGOHDGWRSDUWLWLRQRIFDUULHUVDQGKHQFHWRVKRWQRLVH$Q
DSSOLHGPDJQHWLFILHOGFRUUHVSRQGLQJWRDIUDFWLRQDOILOOLQJLQWKHEXONIDUIURPWKH43& νΒ 
LQ5HIRULQ5HIZDVHPSOR\HG&KDUJHZDVGHGXFHGYLDWKHJHQHUDOL]HGHTXDWLRQ IRU
VKRW QRLVH WKH FODVVLFDO VLPSOLILHG YHUVLRQ LV WKH 6FKRWWN\ RQH 6 T,% ZLWK 6 WKH VSHFWUDO
GHQVLW\RIFXUUHQWIOXFWXDWLRQV,%WKHUHIOHFWHGFXUUHQWDQGTWKHFKDUJHRIWKHFXUUHQWFDUU\LQJ
SDUWLFOH)RUVPDOOUHIOHFWLRQE\WKH43&VPDOO,%WKHTXDVLSDUWLFOH¶VFKDUJHZDVIRXQGWREH
H5HI	DVSUHGLFWHGWKHRUHWLFDOO\7KHWKHRULHVZHUHEDVHGRQWKHFKLUDO/XWWLQJHU
OLTXLG PRGHO  +RZHYHU IRU RWKHU PRUH JHQHUDO ILOOLQJ IDFWRUV VXFK DV ν  VXFK
FDOFXODWLRQVEHFRPHH[FHHGLQJO\FRPSOLFDWHG6WLOORQHFDQJDLQLQVLJKWLQWRWKHFKDUDFWHULVWLFV
RIWKHH[SHFWHGVKRWQRLVHLQVXFKFDVHVE\FRQVLGHULQJWKH&RPSRVLWH)HUPLRQ&)PRGHO
,QWKH)4+UHJLPHWKHFXUUHQWLVFDUULHGE\TXDVLSDUWLFOHVZLWKDFKDUJHT HSQZLWKHWKH
HOHFWURQLFFKDUJH7KHIUDFWLRQDO ILOOLQJ IDFWRUν SSQGHWHUPLQHVWKHFRQGXFWDQFHRI WKH
VDPSOHJ νJZLWKJ HK EHLQJ WKHTXDQWXPFRQGXFWDQFH :LWKLQ WKH&)PRGHO IUDFWLRQDO
ILOOLQJ IDFWRUV IRUHOHFWURQVRI WKH IRUPν SSQ DUH LGHQWLILHG DV LQWHJHU ILOOLQJ IDFWRUVRI
&RPSRVLWH )HUPLRQV ν&) S  (DFK &) LV FRPSRVHG RI D VLQJOH HOHFWURQ ZLWK Q TXDQWD RI
PDJQHWLF IOX[ DWWDFKHG WR LW HDFK IOX[ TXDQWXP LV φ KH  +HUH ZH GHDO ZLWK WKH VLPSOHVW
IDPLO\RI&)VZKHQRQO\ WZR IOX[TXDQWD DUH DWWDFKHG WR HDFK HOHFWURQ Q   )LOOLQJ IDFWRU
ν  WKHQ FRUUHVSRQGV WR WKH VLPSOHVW IUDFWLRQ S  ZKLOH ν  FRUUHVSRQGV WR S   7KH
HIIHFWLYHPDJQHWLFILHOGVHQVHGE\WKH&)VLV%QV⋅KHZLWKQVWKHGHQVLW\RIWKH'(*ZKHUH
WKHPDJQHWLF ILHOG DWWDFKHG WR WKH&) WKHPVHOYHV LV VXEWUDFWHG 8QGHU WKLVZHDNHU HIIHFWLYH
PDJQHWLF ILHOG WKHVH &)V DUH XVXDOO\ FRQVLGHUHG DV QRQLQWHUDFWLQJ SDUWLFOHV WKRXJK WKLV
MXVWLILFDWLRQ PLJKW QRW EH VROLG  6KRW QRLVH LQGXFHG E\ WKH 43& LV WKXV UHFRJQL]HG DV D
SDUWLWLRQQRLVHDVVRFLDWHGZLWKSDUWLDOUHIOHFWLRQRI&)V LQ LQWHJHU/DQGDX OHYHOVWREHQDPHG
&) FKDQQHOV  7KLV VFHQDULR LV VLPLODU WR WKH RQH WDNLQJ SODFH DW D 43& UHIOHFWRU DW ]HUR
PDJQHWLF ILHOG +HQFH WKH VKRWQRLVH LQ WKHZHDNO\ UHIOHFWHG FKDQQHOS ILOOLQJ IDFWRU
SSLVH[SHFWHGWRFRUUHVSRQGWRTXDVLSDUWLFOHVZLWKFKDUJHT HS
,WLV LPSRUWDQWWRH[DPLQHWKHQRLVHSURSHUWLHVDWIUDFWLRQDO ILOOLQJ IDFWRUVLQZKLFKWKHYDOXHRI
WKH FKDUJH LQXQLWVRIH LV H[SHFWHG WR GLIIHU IURP WKH ILOOLQJ IDFWRU 2EVHUYDWLRQ RI D FKDUJH
HSIRUS!ZLOOUHPRYHDSRVVLEOHDPELJXLW\ LQWKH LQWHUSUHWDWLRQRIWKHH[SHULPHQWDO
GDWD  1DPHO\ LW ZLOO SURYH WKDW RXU FKDUJH PHDVXUHPHQW LV QRW VLPSO\ D GLIIHUHQW ZD\ WR
PHDVXUH WKH FRQGXFWDQFH RU WKH ILOOLQJ IDFWRU $Q REYLRXV H[SHULPHQWDO WDUJHW LV WKH ILOOLQJ
IDFWRUν ZKHUH WKH FKDUJHRI WKH FXUUHQWFDUU\LQJTXDVLSDUWLFOHV LV H[SHFWHG WR EH H
ZKLOHWKHFRQGXFWDQFHLVJ
7KHFRQWULEXWLRQRIHDFK'FKDQQHOZLWKRXWPDJQHWLFILHOGLVNQRZQWREHHTXDOWRWKHTXDQWXP
FRQGXFWDQFH J HK  +RZHYHU WKH FRQGXFWDQFH RI HDFK &) FKDQQHO KDV D VPDOOHU FKDQQHO
GHSHQGHQWYDOXHδJS)RUH[DPSOHWKHFRQWULEXWLRQRIWKHVW&)FKDQQHOLVδJ JZKLOHWKDW
RI WKH QG FKDQQHO LV   −=Jδ ⋅J  +HQFH ZKHQ WKH WZR ORZHVW &) FKDQQHOV DUH IXOO\
WUDQVPLWWHG WKH KLJKHU FKDQQHO FDUULHV D VPDOO SRUWLRQ  RI WKH WRWDO FXUUHQW  7DNLQJ LQWR
DFFRXQWWKHVPDOOHUFKDUJHRIWKHFRUUHVSRQGLQJTXDVLSDUWLFOHHDYHU\ZHDNVKRWQRLVHVLJQDO
LVH[SHFWHG7KLVPDNHVWKHPHDVXUHPHQWRIWKHQRLVHLQWKHFKDQQHOH[FHHGLQJO\GLIILFXOW
2XUH[SHULPHQWZDVSHUIRUPHGZLWKDVHWXSVLPLODUWRWKHRQHXVHGLQ5HIV	1RLVHZDV
PHDVXUHGZLWKLQDEDQGZLGWKRIaN+]DERXWDFHQWUDOIUHTXHQF\RI0+]7KLVIUHTXHQF\
ZDVFKRVHQE\WXQLQJDQ/5&UHVRQDQWFLUFXLWZLWK&WKHFDSDFLWDQFHRIWKHFRD[LDOFDEOHV%\
FKRRVLQJ D WZRIROG ORZHU IUHTXHQF\ FRPSDUHG WR WKH RQH XVHG SUHYLRXVO\ ZH UHGXFHG WKH
VSXULRXVQRLVHFRQWULEXWLRQRIRXUSUHDPSOLILHUIURP[$+]DWDFHQWUDOIUHTXHQF\RI
0+]WR[$+]LQWKHSUHVHQWIUHTXHQF\UDQJH7KHSUHDPSOLILHUZKLFKRSHUDWHVDW
. ZDV PDQXIDFWXUHG IURP WUDQVLVWRUV IDEULFDWHG RQ*D$V$O*D$VZDIHUV JURZQ LQ RXU RZQ
0%(V\VWHP0HDVXUHPHQWVZHUHSHUIRUPHGLQDGLOXWLRQUHIULJHUDWRUDWDQHOHFWURQWHPSHUDWXUH
7 P.7KLVWHPSHUDWXUHZDVGHGXFHGIURPFRPSDULQJWKHWKHUPDOQRLVHZLWKRXWDQH[WHUQDO
FXUUHQWWKURXJKWKH43&WRWKH -RKQVRQ1\TXLVW IRUPXOD6 N%7J YLD7 δ 6δ JN%ZLWKJ
WKHWRWDOFRQGXFWDQFH ([WUDSRODWLQJ WKLV OLQHDUGHSHQGHQFH WR ]HUR FRQGXFWDQFH RI WKH43&
JLYHVWKHFRQWULEXWLRQRIRXUSUHDPSOLILHUWRWKHWRWDOQRLVH
2XUVDPSOHZDVEDVHGRQD'(*HPEHGGHGLQD*D$V$O*D$VKHWHURVWUXFWXUH7KH'(*KDG
D ORZ WHPSHUDWXUH FDUULHU FRQFHQWUDWLRQ QV [ FP DQG PRELOLW\ [FP9V  $
SHUSHQGLFXODUPDJQHWLF ILHOGRI VRPH7HVOD OHG WR DEXON ILOOLQJ IDFWRU 7KH43&ZDV
IRUPHGE\HYDSRUDWLQJWZRPHWDOOLFJDWHVRQWRWKHVXUIDFHRIWKHKHWHURVWUXFWXUHVHHORZHULQVHW
LQ)LJ%\DSSO\LQJELDVWRWKHJDWHVZLWKUHVSHFWWRWKH'(*ZHFRQWUROOHGWKHWUDQVPLVVLRQ
RI WKH LQFRPLQJ FXUUHQW WKURXJK WKH VPDOO RSHQLQJ RI WKH 43&  7KH PHDVXUHG WZRWHUPLQDO
FRQGXFWDQFHRIWZRGLIIHUHQWUXQVDWEXON ILOOLQJ IDFWRUVν DQGνaDUHVKRZQ LQ)LJ
1RWHWKDWIRU]HURYROWDJHRQWKHJDWHVRIWKH43&WKHYDOXHRIWKHFRQGXFWDQFH LQERWKFDVHV
ZDVORZHUWKDQWKHEXONYDOXHJν⋅J7KLVLVDUHVXOWRIXQLQWHQWLRQDOUHIOHFWLRQIURPWKH43&
HYHQZKHQLW LVQRWELDVHG,QGHHGZKHQDVPDOOSRVLWLYHJDWHYROWDJHZDVDSSOLHGWRWKH43&
WKH FRQGXFWDQFH LQFUHDVHGDQG UHDFKHG LWV EXON YDOXH $SSOLFDWLRQ RI D QHJDWLYH JDWH YROWDJH
UHFRYHUHGWKHDQGVWDWHVVHH)LJDQGXSSHULQVHWDVH[SHFWHG
,Q WKH DEVHQFH RI DQ H[DFW PRGHO IRU VKRW QRLVH DW ν  ZH FRPSDUH RXU UHVXOWV ZLWK WKH
SDUWLWLRQQRLVHRQHH[SHFWVIURPQRQLQWHUDFWLQJTXDVLSDUWLFOHV,QRWKHUZRUGVZHDVVXPHWKDW
WKH VFDWWHULQJ HYHQWVRI WKHTXDVLSDUWLFOHV DW WKH43& DUH LQGHSHQGHQW 7KLV DVVXPSWLRQZDV
TXLWHVXFFHVVIXOLQDQDO\]LQJWKHQRLVHUHVXOWVIRUTXDVLSDUWLFOHVZLWKFKDUJHH LQDVLQJOH&)
FKDQQHO5HIV	$W]HURWHPSHUDWXUHRQHZRXOGH[SHFWD]HURIUHTXHQF\VSHFWUDOGHQVLW\
RIFXUUHQWIOXFWXDWLRQV6JLYHQE\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)LJXUH7ZRWHUPLQDO FRQGXFWDQFH LQXQLWV RI WKHTXDQWXPFRQGXFWDQFHDJDLQVW DSSOLHG
YROWDJHWRWKHJDWHVRIWKH4XDQWXP3RLQW&RQWDFW43&&OHDUSODWHDXVRIJDQGJ
DUH VHHQ ZKHQ EXON ILOOLQJ IDFWRU LV  %  7  7RS ,QVHW $ VLPLODU WZR WHUPLQDO
FRQGXFWDQFHSORWIRUDEXONILOOLQJIDFWRURI% 7%RWWRP,QVHW6FKHPDWLFRIWKH
43&LQ'(*$SSO\LQJYROWDJHWRWKHWZRJDWHVUHVWULFWVFXUUHQWIORZLQWKHFRQVWULFWLRQ
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ZKHUH9LVWKHDSSOLHGELDVYROWDJHDFURVVWKH43& δJSLVWKHFRQWULEXWLRQRIWKHS¶WK&)FKDQQHO
WRWKHWRWDOFRQGXFWDQFHWSLVWKHWUDQVPLVVLRQFRHIILFLHQWRIWKLVFKDQQHODQGT LVWKHFKDUJHRI
HDFKTXDVLSDUWLFOH)RUH[DPSOHIRUS δJ JJDQG  JJ W −−= 
$PRUHVXEWOHLVVXHLVWKHQRLVHH[SHFWHGDWDILQLWHWHPSHUDWXUH77KLVQRLVHGRHVQRWYDQLVKDW
]HURDSSOLHGYROWDJHEXWDSSURDFKHVWKH-RKQVRQ1\TXLVWIRUPXOD6 N%7JLQDFFRUGDQFHZLWK
WKH IOXFWXDWLRQGLVVLSDWLRQ WKHRUHP :KHQ D ELDV YROWDJH LV DSSOLHG WKH QRLVH LV H[SHFWHG WR
LQFUHDVHVPRRWKO\ZLWKLQFUHDVLQJ9DSSURDFKLQJWKHOLQHDUEHKDYLRUSUHGLFWHGE\(TDWDQ
DSSOLHGYROWDJHJUHDWHUWKDQ97aN%7T7KHGHWDLOHGZD\LQZKLFKWKLVFRPHVDERXWLQD)4+
V\VWHP LV QRW NQRZQ DQDO\WLFDOO\ QXPHULFDO FDOFXODWLRQV H[LVW IRU ν  EXW FRQWDLQ
SDUDPHWHUVZKLFK DUH GLIILFXOW WR REWDLQ H[SHULPHQWDOO\  )RU WKDW UHDVRQZH DGRSWHG D IRUP
ZKLFKZDVGHULYHGIRUQRQLQWHUDFWLQJ)HUPLRQVWKDWLQWHUSRODWHVEHWZHHQWKHVHWZROLPLWVDV
ZDVDOVRGRQHVXFFHVVIXOO\IRUVLQJOHFKDQQHO&)LQ5HIV	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:HVWDUWZLWKQRLVHPHDVXUHPHQWVRQWKHFRQGXFWDQFHSODWHDXV7KHLQVHWLQ)LJVKRZVWKHVH
UHVXOWVRQERWKWKHW W DQGW W SODWHDXV:KLOHLQWKHILUVWFDVHWZR&)
FKDQQHOVDUHIXOO\WUDQVPLWWHGLQWKH ODWWHUWKHVHFRQGRQH LV IXOO\UHIOHFWHG:HILQGQRH[FHVV
QRLVHDERYH WKH WKHUPDO QRLVHZLWKLQ WKH DFFXUDF\RI WKHPHDVXUHPHQW 7KLV VKRZV WKDW WKH
LPSLQJLQJFXUUHQWLQERWKFDVHV LVQRLVHOHVVDVRQHZRXOGH[SHFWIRUWZRVHSDUDWH&)FKDQQHOV
:H FRPH WR WKLV SRLQW ODWHU DJDLQ  $V WKH WUDQVPLVVLRQ RI HLWKHU FKDQQHO LV ORZHUHG WR EH
EHWZHHQ]HURDQGRQHSDUWLWLRQLQJVHWVLQDQGH[FHVVQRLVHLVREVHUYHGDVGHVFULEHGEHORZ
7R WLH WKH SUHVHQW UHVXOWV ZLWK SUHYLRXV H[SHULPHQWV ZH VWDUW ZLWK PHDVXUHPHQWV RI QRLVH
JHQHUDWHGE\SDUWO\UHIOHFWLQJWKHILUVW&)FKDQQHOWKHFKDQQHO7KLVWLPHZHSLFNDODUJHU
EXON ILOOLQJ IDFWRU νΒ a  7KLV LV GRQH LQ RUGHU WR YDOLGDWH WKH SUHYLRXV PHDVXUHPHQWV DQG
YHULI\ WKDWRQO\ WKH SDUWLWLRQLQJ RI WKH FRUUHVSRQGLQJ FKDQQHO E\ WKH43& LV LPSRUWDQW LQ WKH
GHWHUPLQDWLRQRIWKHFKDUJHRIWKHTXDVLSDUWLFOH)LJXUHVKRZVWKHPHDVXUHGQRLVHIRUD43&
IXOO\ UHIOHFWLQJ WKH VHFRQG &) FKDQQHO DQG RQO\ ZHDNO\ UHIOHFWLQJ WKH ILUVW &) FKDQQHO ZLWK
W  W  7KHGDWDDIWHUFDOLEUDWLRQDQGVXEWUDFWLRQRI WKHDPSOLILHU¶V FRQWULEXWLRQ DJUHHV
YHU\ ZHOO ZLWK WKH SUHGLFWHG VKRW QRLVH ZLWK T H DQG 7  P. VXEVWLWXWHG LQ (T  LQ
H[FHOOHQWDJUHHPHQWZLWK5HIV	
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)LJXUH0HDVXUHGVSHFWUDOGHQVLW\RIFXUUHQWIOXFWXDWLRQVIRUW W VROLGFLUFOHVOHIW
VFDOH7KHUHVXOWDJUHHVZHOOZLWK(TDQGDTXDVLSDUWLFOHFKDUJHH)RUFRPSDULVRQWKH
H[SHFWHGQRLVH FXUYHV IRUTXDVLSDUWLFOH FKDUJHHDQGH DUH VKRZQ  ,Q WKH ,QVHW WKHQRLVH
PHDVXUHGDWERWKDQGSODWHDXVLVVKRZQ1RH[FHVVQRLVHLVPHDVXUHGRQWKHSODWHDXV
VLQFHQRSDUWLWLRQLQJWDNHVSODFHDQGWKHUHVHUYRLUVSURGXFHDQRLVHIUHHFXUUHQW
7KH FXUUHQW QRLVH IRUZHDNO\ EDFNVFDWWHUHG TXDVLSDUWLFOHV LQ WKH VHFRQG &) FKDQQHO DW WZR
GLIIHUHQW EXON ILOOLQJV LV VKRZQ LQ )LJ   7KH ILUVW &) FKDQQHO WKH µ¶ FKDQQHO LV IXOO\
WUDQVPLWWHGDQGLQDQLQGHSHQGHQWFKDQQHOVPRGHOGRHVQRWSURGXFHQRLVHDVVHHQLQWKH LQVHW
RI)LJ)LJXUHDVKRZVWKHPHDVXUHGQRLVHIRUWZRYDOXHVRIWKHWUDQVPLVVLRQRIWKH43&
W DQG W DWDEXON ILOOLQJ IDFWRUνΒ a 8VLQJDTXDVLSDUWLFOHFKDUJHT HDQG
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E
)LJXUH   0HDVXUHG QRLVH RI TXDVLSDUWLFOHV LQ WKH QG &RPSRVLWH )HUPLRQ FKDQQHO  D
6SHFWUDO GHQVLW\ RI FXUUHQW IOXFWXDWLRQV DJDLQVW WKH WRWDO DYHUDJH FXUUHQW IRU WUDQVPLVVLRQ
W DQGW DWEXONILOOLQJIDFWRUVROLGFLUFOHVOHIWVFDOH7KHVW&)FKDQQHO LV
IXOO\ WUDQVPLWWHG DQG GRHV QRW SURGXFH QRLVH  6ROLG OLQHV DUH JLYHQ E\ (T  DVVXPLQJ
FKDUJHVH DQGH  DV LQGLFDWHG  7KH VDPSOH¶V GLIIHUHQWLDO FRQGXFWDQFH IRU WUDQVPLVVLRQ
W LVDOVRVKRZQVROLGGLPRQGVULJKWVFDOHE6LPLODUQRLVHDQGFRQGXFWDQFHGDWDIRU
W DQGEXONILOOLQJIDFWRU
WUDQVPLVVLRQ GHGXFHG IURP WKH DYHUDJH YDOXH RI FRQGXFWDQFH ZLWKLQ WKH DSSOLHG '& FXUUHQW
UDQJHWKHPHDVXUHGQRLVHDJUHHVZHOOZLWKWKHSUHGLFWLRQRI(TWKURXJKRXWWKHZKROHUDQJH
RI GULYHQ '& FXUUHQW  1RWH WKDW WKH GLIIHUHQWLDO FRQGXFWDQFH DQG KHQFH WKH GHGXFHG
WUDQVPLVVLRQ DUH UDWKHU FRQVWDQW LQ WKH IXOO UDQJH RI WKH PHDVXUHPHQW  )RU FRPSDULVRQ WKH
H[SHFWHGQRLVHIRUWKHVDPHWUDQVPLWWHGFXUUHQWEXWZLWKWKHDVVXPSWLRQRITXDVLSDUWLFOHVZLWKD
FKDUJHT H LVVKRZQ IRU WKHFDVH W  LQ WKHVDPH ILJXUH 6LPLODUO\)LJEVKRZVWKH
QRLVHGDWDIRUDGLIIHUHQWEXON ILOOLQJνΒ DQGW  (YHQWKRXJKWKHVLJQDO LVZHDNDQG
WKXV VFDWWHULQJ RI WKH GDWD SRLQWV LV UHODWLYHO\ ODUJH LW FOHDUO\ YHULILHV WKDW WKH FKDUJH RI WKH
TXDVLSDUWLFOHVLVH1RWHWKDWWKHUHDUHQRILWWLQJSDUDPHWHUVLQWKHVHWKHRUHWLFDOFXUYHVDVWKH
WUDQVPLVVLRQ FRHIILFLHQW W DQG WKH WHPSHUDWXUH RI WKH HOHFWURQV 7 DUH ERWK PHDVXUHG
LQGHSHQGHQWO\ +HUHDJDLQZHVHHDFOHDUPDQLIHVWDWLRQRI WUDQVSRUW LQ WKHQG&)FKDQQHO
ZLWKQRFRQWULEXWLRQRIWKHVWFKDQQHODVRQHZRXOGH[SHFWIURPWKH&)PRGHO
$ VLPLODU DJUHHPHQW EHWZHHQ WKH PHDVXUHG QRLVH DQG (T  LV REWDLQHG DOVR ZLWK VPDOOHU
WUDQVPLVVLRQFRHIILFLHQWVLQWKHUDQJHWDVLVGHPRQVWUDWHGE\WKHH[DPSOHRIW 
LQ)LJ7KHDJUHHPHQWRIWKHPHDVXUHGQRLVHZLWK(TIRUVXFKDUHODWLYHO\ODUJHUHIOHFWLRQ
FRHIILFLHQWLVVRPHZKDWVXUSULVLQJ7KHRULHVILQGDVPRRWKYDULDWLRQRIWKHPHDVXUHGFKDUJH
RI WKHTXDVLSDUWLFOHV IURPH IRUZHDNEDFNVFDWWHULQJ WRH IRU VWURQJEDFN VFDWWHULQJ LQ WKH
ILUVW &) FKDQQHO ν →ν  DW WKH 43&  ([WHQGLQJ WKH VDPH DUJXPHQWV WR WKH WUDQVLWLRQ
ν →ν  DW WKH 43& RQH ZRXOG H[SHFW WR PHDVXUH D FKDUJH H DW ODUJH W FKDQJLQJ
PRQRWRQLFDOO\ WR D FKDUJH H DW VPDOO W VHH DOVR UHI  :H VKRXOG QRWH WKRXJK WKDW WKH
GLIIHUHQWLDO FRQGXFWDQFH LQ WKLV FDVH LV QRW HQWLUHO\ LQGHSHQGHQW RI WKH DSSOLHG YROWDJH  ,Q
JHQHUDO QRQOLQHDU ,9 FKDUDFWHULVWLF FRPSOLFDWHV WKH LQWHUSUHWDWLRQ RI RXU PHDVXUHPHQWV

KRZHYHUZH H[SHFW WKDW WKHPRGLILFDWLRQV WR(T  GXH WR WKH HQHUJ\ GHSHQGHQFH RI W DUH
VPDOO$VLGHIURPSRVVLEOHFKDQQHOPL[LQJWKHFKDQJHLQWKHFRQGXFWDQFHE\DUHODWLYHO\VPDOO
DPRXQW LQGXFHV D PD[LPDO FKDQJH LQ WKH WKHUPDO QRLVHN7δJ RI VRPH RI WKH PHDVXUHG
H[FHVV QRLVH  $OVR WKH ZHDN GHSHQGHQFH RI WKH H[SHFWHG VKRW QRLVH RQ W QHDU W  LQ D
QRQLQWHUDFWLQJ)HUPLRQVSLFWXUHPDNHVWKLVQRQOLQHDULW\LQVLJQLILFDQW,QIDFWZHZHUHXQDEOH
WKXV IDU WR SUREH WKH QRLVH SURSHUWLHV XQGHU HYHQ VWURQJHU UHIOHFWLRQ RI WKH QG &) FKDQQHO
W EHFDXVH WKH ,9 FKDUDFWHULVWLF RI RXU GHYLFH EHFRPHV YHU\ QRQOLQHDU DW VXFK ORZ
WUDQVPLVVLRQV
,Q FRQFOXVLRQ RXU VKRW QRLVHPHDVXUHPHQWV VKRZ WKDWZKLOH WKH FXUUHQW RI WKH VW &RPSRVLWH
)HUPLRQ&)FKDQQHOLQWKH)4+UHJLPHν LVFDUULHGE\TXDVLSDUWLFOHVZLWKDFKDUJHH
WKH FXUUHQW LQ WKH QG &) FKDQQHO ν  LV FDUULHG E\ HYHQ VPDOOHU FKDUJHV T H  7KH
PHDVXUHPHQWGHPRQVWUDWHGFOHDUO\WKDWWKHWZR&)FKDQQHOVOLYHLQGHSHQGHQWO\ZLWKOLWWOHPXWXDO
LQWHUDFWLRQV±FRQVLVWHQWZLWKWKH&)PRGHO7KHREVHUYDWLRQRIDFKDUJHT HDWILOOLQJIDFWRU
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  t = 0.47
)LJXUH0HDVXUHG6SHFWUDOGHQVLW\RIFXUUHQWIOXFWXDWLRQVDJDLQVWWKHWRWDODYHUDJHFXUUHQWIRU
UHODWLYHO\VPDOOWUDQVPLVVLRQFRHIILFLHQWW VROLGSRLQWVOHIWVFDOH6ROLGOLQHVDUHJLYHQE\
(TDVVXPLQJFKDUJHVRIHDQGH±DVLQGLFDWHG7KHVDPSOH¶VGLIIHUHQWLDOFRQGXFWDQFHLV
DOVR VKRZQ VROLG GLPRQGV ULJKW VFDOH  7KH WUDQVPLVVLRQ W LV GHWHUPLQHG E\ WKH DYHUDJH
GLIIHUHQWLDOFRQGXFWDQFHLQWKHFXUUHQWUDQJH

ν LVDGHPRQVWUDWLRQWKDWFXUUHQWFDUU\LQJFKDUJHFDQEHGLIIHUHQWIURPWKHILOOLQJIDFWRURU
WKHIUDFWLRQDOFRQGXFWDQFH$VXUSULVLQJUHVXOWHYHQWKRXJKVWLOOSUHOLPLQDU\LVWKDWWKHFKDUJH
UHPDLQVHZKHQWKHEDFNVFDWWHULQJRIWKHQG&)FKDQQHOLVDVVWURQJDVLQFRQWUDGLFWLRQ
ZLWKWKHRULHVWKDWSUHGLFWDODUJHUFKDUJHDSSURDFKLQJHIRUDIXOO\UHIOHFWHGQG&)FKDQQHO
$FNQRZOHGJHPHQW
:H ZRXOG OLNH WR WKDQN *%XQLQ IRU PDQXIDFWXULQJ WKH WUDQVLVWRUV IRU WKH SUHDPSOLILHU DQG
'0DKDOX IRUSHUIRUPLQJ WKHHEHDP OLWKRJUDSK\ 7KHZRUNZDVSDUWO\ VXSSRUWHGE\ DJUDQW
IURPWKH,VUDHOL6FLHQFH)RXQGDWLRQDQGE\DJUDQWIURPWKH,VUDHOL0LQLVWU\RI6FLHQFH
5HIHUHQFHV

3UDQJH5(DQG*LUYLQ60HGV7KH4XDQWXP+DOO(IIHFW6SULQJHU9HUODJ1HZ<RUN
/DXJKOLQ5% ³$QRPDORXV4XDQWXP+DOO(IIHFW$Q ,QFRPSUHVVLEOH4XDQWXP)OXLGZLWK )UDFWLRQDO&KDUJH
([FLWDWLRQV´3K\V5HY/HWW
/DXJKOLQ5%6XUI6FL
GH3LFFLRWWR55H]QLNRY0+HLEOXP08PDQVN\9%XQLQ*DQG0DKDOX'³'LUUHFWREVHUYDWLRQRID
IUDFWLRQDOFKDUJH´1DWXUH
 6DPLQDGD\DU /*ODWWOL'& -LQ< DQG(WLHQQH% ³2EVHUYDWLRQ RI WKH H IUDFWLRQDOO\ FKDUJHG /DXJKOLQ
TXDVLSDUWLFOHV´3K\V5HY/HWW
.DQH&/ DQG)LVKHU03$ ³1RQHTXLOLEULXP1RLVH DQG )UDFWLRQDO&KDUJH LQ WKH4XDQWXP+DOO(IIHFW´
3K\V5HY/HWW
 )HQGOH\ $ /XGZLJ:: DQG 6DOHXU + ³([DFW 1RQHTXLOLEULXP'F 6KRW 1RLVH LQ /XWWLQJHU /LTXLGV DQG
)UDFWLRQDO4XDQWXP+DOO'HYLFHV´3K\V5HY/HWW
GH&KDPRQ&)UHHG'(DQG:HQ;*³7XQQHOLQJDQG4XDQWXP6KRW1RLVH LQ/XWWLQJHU/LTXLGV´3K\V
5HY%
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
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6XSSUHVVLRQRI6KRW
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